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1. INTRODUCTION

The pr imary objective of the work reported here  was a determinat ion

of the adequacy of the simple square root relationship

A = K(E t)c~~(E t) VZ (1.1)

between riomete r absorption A and solar proton event flux c
~~(E t) as mea-

su red by the OV5-6 satellite. Here E
~ 

is the integral  flux energy threshold ,

and K(E t) is a constant that depends on Et but is , to a good approximation,

independent of the spectral  parameters  of the proton flux. A secondary  ob-
- - • • •

~~~~~~~~
- •

~~~ 
ject .iv.cW~~s a.d~Jer~~~~~ tip~ of the optimum representat ion (ri gidi ty ,  energy/  

nucleon , etc.) of the 0V5-6 al pha/ proton ratios . Work on this area was in-

itiated ear l ier  (Ref. 1.1), and most of the present  effor t  was concentra ted on

the pr imary object ive . It is our belief that the additional data which will be-

come available (S3 , SOLRAD satellites) in the near future should be utilized

along with the available OV5-6 data to ca r ry  out a more detailed stud y of

this area.

Results of the absorpt ion-proton flux investigation are  contained in the

Appendix, and are considered to be essentially successfu l . Thi s stud y used

much of the data previousl y investigated , but considered in much more de-

tail the atmosphe ric chemis t ry  e f fec t s  that cause the relation (1.1) to be a

good approximation for  ni g ht as well as day conditions. As d i scussed  there ,

the diurnal variation between nig ht and day time absorpt ion appears  to be due

to the rapid disappearanc e of atomic oxygen below about 75 km at night .

Following removal of solar illumination, the lifetime of atomic oxygen is

onl y a few second s in the 50 km reg ion , but it increases  rap idl y wi th  al t i tude

and has a lifetime of hours in the 90-100 km reg ion . The e f f ec t  of thi s is

that the reg ion of the atmosphere  in which absorpt ion peaks , about 50-60 km

during the dayt ime , shifts  upward as the solar zenith ang le in c reases  and

reaches  about ~0 km under stead y state da rkness .

At ni g ht the ene rgy  threshold fo r  (1.1)  is about 2 McV , cons i s t en t  wi th

the location of the absorption peak near 80 km. During the dayt ime the dow n-

ward shift  in the absorpt ion peak al t i tude causes  an upward sh i f t  in the en cr ~~y

_ _  
_ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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threshold , to the vicini t y of S MeV.

It appears likel y that knowled ge of the atomic oxygen decay  times , and
solar flux (the source of atomic oxyg en) t ransmission throug h the a tmosp here ,
could be combined with that gained by application of the simple relationship
(1.1) to derive a relationship applicable to the dawn/dusk and dusk/dawn tran-
sition reg ions . This could involve , for  examp le , either of two approaches:
( 1) an exp ress ion equival ent to ( 1.1) but with both K and Et dependent upon
sola r zenith ang le (calculable f rom geographic location and universal  t ime),
and , possibl y, the time constants for  atomic oxygen disappearance , or (2)

- . ~~~~~~~~ c~~t -~ i~~ ier~~ f t~~~~ á y a id n~ght relationshi ps with  two coefficients
dependent  upon solar zenith angle and atomic oxygen time constant . The
f i r s t  appraoch is probabl y more readil y in terpreted in physical terms (vari-
ation of Et is associated with movement of the absorpt ion peak between low
and high altitudes) ; the second could be easier  to implement on a computer-
based program because of the two fixed energy thresholds.
2 . CONCLUSIONS AND RECOMMENDATIONS

The approximate relationshi ps between r iornete r absorption and solar
proton flux has been demonstrated to be applicable for  night as well as day
conditions. The atmospheric chemis t ry  under lying the d i f ference  in the two
relationships is well understood .

It is r e c o m m e n d e d  that  the available 0V5-6 data should be combined
with any that become s available f rom the S3 and SOLRAD satell i tes to inves-
t igate both the dawn/dusk , dusk/dawn transi t ion period s and the optimum
representation of alph~~proton ratios.

I
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APPENDIX

THE NIGHT AND DAY RELATIONSHIPS BETWEEN POLAR CAP

RIOMETER ABSORPTION AND SOLAR PROTONS

ABSTRACT

Th e re la t ionshi p between riornet e r -m e a s u r e d  absorp t ion  of 30 MHz
cosmic  radio waves at Thule , Greenland and the ex t ramagne tosp heric

1- 100 MeV solar proton event  f luxes observed  b y sa te l l i te  0V5-6  dur ing

1969 -72 is studied , wi t h ni g ht and day  condit ion s at Thule being separa ted .
In the 70-90 km reg ion in which most ni g h t t ime  abso rp t ion  o c c u r s , ioniza-

tion condi t ions are , in fac t , r e la t ive ly simple . Thi s leads to a ni g httime

relat ions hi p bet ween absorp t ion  and the square  root of the in tegra l  proton

f l u x , w hich is similar to that f o r  day t ime conditions . Based on p rev ious l y
measu red  ef fec t ive  recombinat ion coef f ic ien ts , theoret ical ly optimum

energ y t h r e sho ld s  a re  de termined  fo r  use in this app rox ima te  re la t ionshi p.
The values  a re  2. 2 MeV and 5.2 MeV for  ni g ht and day  c ondit ions , respec-
tivel y. Both the approximate  absorp t ion , and t ha t ca lcu la ted  b y a re for mu-

lation of the s tandard  approach , com pare s a t i s fa c t o r i l y wi th  ex tens ive  rio-

mete r measu remen t s  at Thu le . The approximate  re la t ionshi ps a r c  em-

ployed in a rea l - t ime sys tem that  uses satel l i te  proton data f o r  p red ic t ion

of radio wave ( r iometer)  absorp t ion .

4 
-
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INTRODUCTION

In a review of the ionospher ic  e f f e c t s  of sola r ac t iv i ty ,  Reid [19(2 ]

o b s e r v e s  that  the most  d ramatic e f f e c t  of a solar f l a r e  is known as polar -cap

absorp t ion  (PCA) of radio waves .  This  p henomenon is due  to in t ense  a tm o s p h e r i c

ionization produced in the D reg ion b y 1-100 MeV pro tons . As  a r e su l t  of

the relativel y low energy of these particles (compared , say, to cosmic rays)

t h e conf i gu r~ uon of the’ear th ’ s magnetic  f ield on ly allow s access  to the atmos-

phere  in tbe polar .r~~~i9~~s. Thus , the s t rong absorp t ion  produced b y . t . hi~ ion~- 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. - . :-

iza tion is te rmed “ polar  blackout . ” Due to the d i s t r ibu t ion  of t r a n s i t  t imes  of

the par t ic les in reaching  the e a r t h , the  a b s o rp t io n  e f f e c t s  of a sing le f l a re

reach  a maximum h o u r s  a f t e r  the f l a re  and can last  for  sev e r a l  d ay s  or m o r t - .

Hence , the conse quences  b r  rad io  communicat ions and radar  opera t ions  can

be ex t  rd -ne wi th  I c L ~a r c~ to bo th  m agn i tude  and d u r a t i o n .

F ollowing t h e  1~~~d am en t a l  inves t igat ion of t hese  PCA e f f e c t s  b y Baile y

[1959] f o r  the 2 3  1- cb . l 95o sola r proton event  (SPE) much  t heo re t i c a l

and ex pe r imenta l  w o r k  has be en ca r r i ed  out.  One of the i n s t r u men t s  used

is t he  r i o rnet e r  ( r e l a t i v e ’  i onosp he n c  op a c i t y  m ete r ) ,  w h i c h  r eco rd s t h e  t o t a l

absorpt ion  of cosmic radio w a v e s , as m e a s u r e d  b y a 5-50 MHz r e c e i ve r

d i rec t ed  near  the ze nith , and thus  p rov ides  a me a s u r e  of the b l a c k o u t  e f f e c t .

Informat ion r e g a r d i n g  the al t i tude ’  d e pen d e n c e  of the  e l e c t r o n  d i s t r i b u —

tion th at causes  the abso rp t ion  can be obtained b y use  of a m u l t i - f r e q u e n cy

rio m et er  [ Lavergnat  and B e r t h e l i e r ,  1973] , but most n i om e t e r s  a r e  ope r-

ated at a fixed f r e q u e n c y  near  30 MHz . Hence , such  a cont in uous r e c o r d i n g

t h r o u g h out  a given SPE fo rm s the data g e n e r a l l y ava i lable f o r  i n ve s t i g a t i v e

purposes .  Some at tent ion has been d i rec ted  toward  d e t e rm i n a t i o n  of the

ex ten t  to wh ich  t h e s e  data can be used to provide  i n f o r m a t i o n  on the i n c i d e n t

pro ton  spec t rum [Reid, 1 9b 5 , p 2 2 7 ;  F i chte l  et al .,  1 963 ;  Van  Al len et  al .,

1 964] . The c on t inuou s  a v a i l a b i l i t y  of s a t e l l i t e—  m ea su r e d  p r o t o n  spec t ra

has also lead to (ievelopmcnt of techni ques for theoretical calculation of

the ’  e x pe c t e d  absorp t ion  b y making a s sumpt ions  r e g a r d i n g  ttn ’ i m p o r t a n t

5
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a tmosphe ric ions and t h e i r  r eac t ion  r a t e s  [for example , Baile y, 1959 ;

Potemra et al., 1969; Stroscio and Sel lers,  1 9( 5] .  Such technique s ( a n

be d i f f i cu l t  to appl y, however , p a r t i c u l ar l y in near  r ea l - t ime, and a sim-

pler conne ction between pro ton  f luxes and predic ted  absorp t ion  is des i r ab le .

It can be a rgued  tha t  dur ing  the dayt ime when  PCA event  ionizat ion

condit ions ex is t , the dependence  of e l e c t r o n  d en s i ty  ne on ionizat ion rate  q

is re la t ively s imple , and abso rp t ion  A dB should be p ropor t i ona l  to the

square root of the proton i n t e n s i t y .  LFichtel  et al ., 1963; Baile y, 196 4 , - -
.- -— -— -

~ 

— .~~~ - 
~~~G ~-

- -“•~~~
-
~ “ -  -~ -- r--- - - - ~-~~‘~~~~

p 531;  Van Allen et al., l9b4~ . The r e l a t ionsh ip  has of ten been e x p r e s s e d

as 
H(E

~
, S) = J(E~ , S)/A

2 
(1 )

w h e r e  S r e p r e s e n t s  all proton e n e r g y  and angula r s p e c t r u m  p a r a m e t e r s,

and J(E
t , S) (cm2 -sec)~~ is the omnidirect ional  in tegra l  f lux above a chosen

th resho ld  e n e r g y  E
~ 

MeV. Solution of (1) fo r  A y ield s the  resu l t  of i n t e r e s t

h e r e ,

A = m(E
~, S)J(E t , S) ’~~

2 (2 )

w h e r e  m(E t , S) = H(E
~

, S)~~~~
2
. This  equation would be mos t  usefu l  f o r  ab-

sorp t ion  es t imates  if in w e r e  independen t  of S, thus requir ing onl y the mea-

sured value of J(E t).  Van Allen e t al .[1 964] found , however, that  fo r  the Ex-

pl o rer  7 pro ton  data used , wi th  E t = 30 M eV , H va r ied great l y f rom SPE to

SPE , implying a s t rong  dependence  on S f or  that E
t
. Many othe r s tudies

have been made of H(E
t , S), mostl y f o r  day t ime  condit ions , as summar ized

by Potemra [ 1972]  . It has been found that  there  a re  value s of E
~ 

less than

30 MeV for  w h i c h  H var ies  much less wi th  S, thus allowing a good approx-

imation of A f rom (2) b y use of an S-independent  value of m. In a theoret-

ica l stud y, Potemra [1972 ] found E
~ 

= 7 M eV as optimum , wi th  m = 0.083

dB - (cm 2 _ s e c ) l
~

’2
, and the re la t ionship (2 ) was t e s t e d  w i t h  good r e s u l t s

f o r  a s e r i e s  of SPE’ s in 1966-67.  It was pointed out that  due to the rela-

tive sca rc i t y of ni g htt ime absorp t ion  measurements , and t he more  conip li--

cated ioniza t ion  condi t ions  tha t  ex ~t t hen , t e s t s  of the  re la t ionsh ip (2) f o r

ni g ht a re  r a r e . Hence such a stud y was not made . 

~~~~~~ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- _ “.
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Earl ier  Reid 11969 , 1970] had investigated the correlation of absorp-

tion with E t for  both day and nig ht , although values of rn(E
~

) we re  not der ived .

In one of these studies [Reid, 1970],  a general  su rvey  of pola r cap absorp-

tion (PCA) event problems , it was conc luded “ . . . that dur ing  the nig ht the

riometer is apparentl y more sensitive to protons with energ ies between 3

and 10 MeV than to the fluxe s above 20 MeV that cause the bulk of the day-

time absorp t ion. ” The othe r stud y was associa ted  speci f ica l ly wi th  the

2 Sept. 1966 SPE [Reid, 1969] , where  the conclusion was “These  resu l t s

demons t r a t e  that  dayt ime PCA measurements  appear  to g ive a good ind ica-

tion of time var ia t ions  in the flux of protons with e n er g y  gr e a t e r  than a bout

5 MeV , whe reas  nig ht t ime measurement s  tend to emphas ize  var ia t ions  in

the f lux at somewhat lower energ ies , in the nei ghborhood  of 3 MeV. ” Based

on these two studies it is expected that the important  energy  reg ion fo r  ni gh t -

time absorp t ion  is approximately 3-5 MeV , whereas  fo r  dayt ime it is 5-20

MeV.  Hence , dayt ime absorpt ion  is produced in a re la t ively low reg ion of

the ionosphe re , while  nighttime absorp t ion  is due to a hi g her  a l t i tude reg ion:

that  ionized chiefly b y 3-5 MeV protons . At ve r t i c a l  inc idence these  l a t t e r

p rotons penet ra te  onl y to the 70-80 km reg ion.

Throug hout  most  of the PCA event  ni g htt ime D reg ion , the dep e n d e n c e

of ne on q is , in fac t , complex . In the  uppe r  port ion of t h is reg ion (,~ 15 km),

however , wnere most nighttime absorption is produced , the dependence is

simple and simila r to that  d u r i n g  day t ime . Addi t ional ly, subsequen t  to the

a bove w ork , resul ts  of an extensive ser ies  of r iometer  observa t ions  at  Thule ,

Greenland , have become availa ble [Cormier,  l 9 e 3 ] .  These  c ov er  SPE ’ s dur -

ing 1962-72 and include many  nig ht t ime pe r iods .

Thus , we have c a r r i e d  out a t he o r e t i c a l  i nves t i ga t ion  to  d e t e r m i n e  t h e

op t imum t h re s h o~~I ene rgy  E t fo r  ni g ht condi t ions , in a m a n ne r  s i m i l a r  t o

the da yt ime s tud y made  b y Potemra f 1 9 v ’2 J .  A sumi l ia  r y  ol I )  r e ‘ 1 1 1 1 1  ion

c h e m i s t r y  e f f e c t s  on r i om e t e r  ab s o r p t i o n  and the fo r r nu l a t i o n  b r  t i l t ’  a I I I -

I I I  t i t ) f l  a r e  g i ven  f i r s t . 1 h I ’  op t i nlwn  t h e o r e t i c a l  v a l u e  of l-~ i s  t h e - n  1 ‘ - t  ‘ - r —

m i n e d  f o r  ni g h t t i m e  I T hu l e  and , f o r  ~ u r p o s e - s  of c o mp a  r ~ ~n w i l i i  p r  I us

-~



work , f or da yt ime . Next , absorpt ion is calculated b y use of 0V5-6 satel-

l i te -measured  proton spectra  both f rom the approximate square- root  rela-

t ionship and f rom the standard approach that takes into account the spect ra l

shape. Finally, both of these absorption calculations are compared with

measured resul ts  at Thule for  a series of SPE’ s in the 1969-72 per iod , and

applica tions of the a pp roximate rela t ion shi p are d iscussed;  in fact , th is me-  
- 

-

lationship has (for the f i r s t  time) provided a basis for  real-time prediction

of SPE induced radio wave attenuation in the ni ghttime polar ionosp here .

ION CHEMISTRY EFFECTS

Under  stead y- s t a t e  conditions the usual continuity equations f o r  the

d i s t u rbed  ionosphere  [LeLevier and Branscomb,  1968] can be solved to y ie ld

[Potemra et al. 1969] the altitude profile of e lect ron dens i ty  that determine s

the amount of radio wave absorpt ion ,

n (z) = [q(z)/ ’~ (z)] 1/2 (3)

Here q(z)cm 3-sec~~ is the ionization rate , and ‘F~z)c m3-sec~~ is the

ef fec t ive  recombinat ion coef f ic ien t,

• = ( l + X ) ( B + E X )  (4)

n ... A
where  A = = D+En + 

(5)

n~ and n ÷ 
are t he negative and positive ion concentrat ions , r e spec t ive l y;

Ae is the rate of a t tachment  of e lectrons to neutra ls  to fo rm negat ive  ions ;

B is the e lectron-posi t ive  ion recombination coef f ic ien t ;  D is the e f fec t ive

rate of de tachment  of e lec t rons  f rom all negat ive ions; and E is the negative ’ j
ion-positive ion recombination coeff ic ient .  These  coeff ic ients  a re  expected

to r ep re sen t  numerous react ions in an average manner , but the value s used

are  chosen based on a knowledge of the var ious  ionic species p r e s e n t .

Potemra  et al. [1969] provide a tabula t ion of the values used in the i r  model .

Gener all y, the impo rtant  positive ions are  ~~~ and NO+ , while  in the  uppe r

D reg ion (~~75 km) of pr imary  in teres t h e re , t ne negat ive  ions a re  O~~ and

possibly 0 [Narcis i , 1972].

As shown b y (5) ,  in gene ra l  A depend s on n~ and hence on q. In th i s

sit uation ‘!‘ then depend s on q, and n~ f r om (3) is n ot s impl y p ropo r t i ona l  to  q ’

_ 
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During the day time , however , throug hout the D reg ion En
+~

z
~ 

I) [P ot e mr a  & t  a l . ,

1969], and ‘I’ depend s onl y on z .

A part icular l y important  de tachment  mechanism is

O2 + O ~~~~ O 3 + e  (6)

Du ring the daytime 0 concentrat ions are consis tent l y hi g h ( f lO  cm

throug hout the D reg ion and this reaction is v e r y  s t rong [LeLevier  and

Branscomb, 1968; Reid, 1969] . At ni ght , however , t h c  0 concent ra t ion

decreases  ve ry sha rply below about 75 km , while above that  al t i tude it is

similar to its day level [Hunt, 1966; Swider et al ., 1971; see also profi le s

in Narc i s i ,  1972] . Thi s then introduces a diurnal  variat ion in e lec t ron

densit y be low 75 km that is believed to be respons ible  for  the observed

diurnal  variation in absorption [Le Levier and Branscomb,  1968; Reid, 1969,

1970]. It is important to note , however , that above 75 km this detachment

mechanism is still operative at ni ght , and here  En ÷
<< D as in dayt ime con-

di tions [~~~ oscio and Sellers,  1974]. Thus , in the a l t i tud e reg io n in whic h

most ni ghttime absorpt ion is produced , the ionizat ion condit ions arc  rela-

tivel y simple , and the ste ad y-s ta te  relat ionship (3) wi th  q - indep enden t  ‘1’ is

expected to be applicable , as it is for  dayt ime condit ions . In the fol lowing

calculaticns , then , ra ther  than making use of theoret ical  ‘I’ val ues as found

f rom (4) , we may employ the empirical  r esul t s  of Sellers  and Stroscio [1975]

for  the 2 - 3  Nov . 1969 SPE. There  q(z) , as calcu lat ed f r o m  me a s u r e d  pr o t o n

spe c t r a , and n (z) we re  combined to y ield ~1/(z) d ir e c t l y f r o m  (3) f o r  both

day and nig ht condit ions.

_ _ _  --~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~~ -~~ ~~~ ,.“-‘ _ _
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RIOMETER ABSORPTION FORM ULA T ION

For present purposes the riometer absorption formulation of Potemra

[ 1972] and Potemra and Lanzerott i ( 1971]  has been rewrit ten by use of the

steady-s ta te  relation (3)  [Stroscio and Sellers, 1975] to exhibit explicitly the
dependenc e of absorp t ion  A dB on the ionization rate a l t itude  prof i le , q(z) :

A fb(z~ f)  q ( z ) ’” 2  dz (7)

where

b(z , f )  = k( f )  ~ (z , f )  ( dB/ c m )~~(cm 3
~~sec )

h / 2  (8)

For the radio wave frequency f of interest here  (30 MHz ) the el ectron angu-

lar gyrofrequency 
~ H < <  ~ = 2 TT f,  and

k(f )  = 1. l6/ ~~
2 dB-cm 2 -sec ( 9 )

Ti (z , f )  is the atmospheric response function for  any source of ionization that

produces the profil e q(z ):

~~(z , f)  = (v /P  
1/ 2 ) U(~~/ v )  cm 3/2

~~sec~~~/2  (10)

where V
m

( Z )  is the mean collision frequency, which is assumed to depend

on the pressure P(z )  mb as given by Thrane [1968]

7 -1
• V

m
(Z )  = 8 x 10 P ( z )  sec ( 1 1 )

The function U(x) is written in terms of the C 512
(x) int egral tabulated by

Dingle et al. ( 1957] :

U(x) = x~ C 5 12
(x) ( 1 2 )

U(x) is defined in such a way that when x = ~ /v  — 
~~‘. U(x)— 1,  Ti (z . f ) — . .m

V / U i  
2 , and hence is ind ependent of f, and (7)  becomes th e Little and

Leinbach ( 1 9 5 8 ]  expression that results from the assumption of energy -

independent collision frequen cy. Expressing f in MHz and z in km yields

b(z , f )  = 2. 94 x 10 fl(z , f ) / f ( M H z  ) 2 (dB/ km ) - (cm 3 -scc  ) 1 / 2 
( 1 3)

10
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The othe r quantity required in (7) is the q(z) profile produced b y the

SPE protons , which is calculated b y the method of Sellers  and Hanser [1973].

Details of app lication to the present  problem are given in Stroscio and Sellers

[1975]; here  we summarize only the final equations used . The proton diffe r-

ential spectrum in ene rgy E and pitch angle a , j (E , a ) ( cm 2 _ s e c_ sr _ M e V ) l ,

is of the fo rm

j(E , a)dEd~~ ~-~~~k cos~ a E~~~dEd~~ (14)

Here k is a constant that normalizes j ( E , a)  such that ~~(cm 2 -sec)  ~ is

the numbe r of particle s per second with ene rgy  between E 1 and E2 that

cross  a plane perpendicular to cx = 0°. For the i so trop ic ((3 = 0) angula r

distr ibut ion used here it- can be shown [~~ llers and Kelley, 1975] that in the

altitude reg ion of in te res t  q(z) can be calculated accurate ly  under  the assum p-

tion that the range R for  protons of ene rgy  E MeV is given b y

R = (a/AJE
1/a g/cm a (15)

where a = 1/1. 775 .5634 ( l b )

and A0 = ~~~~~~~~~~~~~~~~~~~~~~~ ( 1 7 )

Then 
d 

_ a ( n - 2 ) I D ( X 2
, n , 13 ) D(X 1, n , t3) 1

q(z , n,~~) = ~~k) J(n , ( 3 )  H ( z )  [i~(0, n ,~~~ 
- 

D(0, n . ( 3  )j ( 18)

Here H e
(Z)  is the slowly-varying scale height that would exist at z if the

• atmosp here were ,  in fact , exactl y exponential at that point

H (z)  = d ( z ) / p ( z )  cm (1~~)
C

where d (z )  g/cm
2 and p (z )  g/cm 3 are the at mosp heric depth and d ens i t y ,

respective ly~ and

__ _ _ _
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X 1 = d(z ) / R 1 , = d(z )/ R 2 
(20)

where R 1 and R 2 a re  the ranges for the energ ies E 1 and E 2 
between which

the spectrum parameter is n.

D(x, n , ( 3 )  = fx

a z )  - ~ F(X , ( 3 )  dX ~ < ~
x ( 2 1 )

x > l )

where,  for  an isotropic angular distribution

F(X, 0) F X ’ (l - X ) ”

F = 1.8680
° (22 )
r 1 .1749

w 0.5358

and

J(n , 0) = [‘ira D(0, n , 0)/Q (a/A~~~~~~
2
~ 

( 2 3 )

w her e Q = 36 x 1o 6 MeV is the energy to produce one ion-electron pair in

air , and D(0 ,  n, 0) can be calculated f rom a closed form [Stroscio and Sellers,

1975 1 .

In the  fo l lowing sec t ion  the o p t imu m  t h r e s h o l d  en e r g y  E
~ 

is d et e  r m in e d

b y use of A as calculated f rom (7).  Since our s p e c t r u m  (14) is e x p r e s s e d  in

t e r m s  of the f lux ~~~~ , rat he r  than the omnid i rec t iona l  f lux  J , we d e l i n e  t h e -

quantit y

K(E t , n) A/ c~ (E t ) l/2 d B_ ( c n l 2
~~sec) 1/2 

~~4)

He re , ‘

~ 
(E r

) is t he numin ’  r of pa r t i c l e s  per  second w ith  e n e r gy  g r e a t e r  t h a n

E
t 

t ha t  cr ’- ,ss  a plane p e r p e n d i c u l a r  to the  d i r e c t i o n  Cl ~- 0
0

. The ’ r e l a t i o n s h i p

be twee’n K and m , Eq. (2) ,  f o r  an isot ropic angu  I r d i t ri b u t  ion is

m K/~/2  ( 2 ’ ~)

I ~‘-
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Calculation of riomete r absorpt ion f r o m  (7) fo r  use in (24) thus emp loys

b(z , f)  f rom (13)  and q(z , n , 1~) fr om (18). The z integration in (7)  is car r ied

out from a low altitude z 1 30 km to an upper alt itude z 2 = 100 km. Althou 1h

D(x, n , ~ ) in (21)  can be expressed in t e rms  of the incomplet e beta funct ion,

for x ~ 0 it is necessary in general to perform this integration numerically

to determine q (z )  for each z of interest. For determination of the optimum

threshold ener gy , however , it is assumed that the power- law in energy ex-

tends to x~ at high energy,  so that X 2 = 0, and to sufficiently low energy that

the absorption contribution is negligible for particles having energy lower

than the . 5 MeV necessary  to reach the alt itude z 2 . As a consequence, it

is not necessary to specif y an actual lower limit E 1, and X 1 > 1 for all

z < 100 km. Hence, the fir st term in the bracket in (18) is unity ,  the second

is zero , and the z-dependence of q is dominated by the n-dependent power-

law in d(z) .

The scal e height H ( z )  and atmospheric dept h d ( z )  a re  tabulated

by Stroscio and Seller s [i 974 I at 5 km intervals f r o m  30 to

~00~~~~for 60~~ and 90~~~~~~for each month of the year .  Corresponding values

of rj (z , f )  a r e  also given for both day and nig ht, as der ived f r om  ,j’ ( z) da ta for  t he

2 -3  Nov . 1969 SPE unde r the assumption that w de pends  onl y on a tmospher ic

density p ( z )  [Sellers and Stroscio, 19751. F igure  1 show s b ( z ,  f )  as ca lcula ted

from ( 1 3 )  for the 60~ N and 90~’ N (appropriat e for Thule) January  models.  E a c h

is very close to the yearly average for that latitude , and all calculations u s i n g

these  p ro f i l e s  are considered to be su i tab le  for use as annual  averages .  Ex-

amination of such b(z , f) altitude prof i le s al lows a d i r ec t  d e ter m i n a t i o n  of those

alt i tude r eg ions that are most e f f i c ien t  for p roduc t ion  of a b s o r p t i o n  by a ny  so u r c e

o f iOf l i ’/~d t i Uf l . i he’ i~i ’la tivc  maximum b et w e en  50 and 70 km fo r  ni g ht  r e s u l t s

f r o m  dt ’te rn i ina t io f l  of ~ (z) f r o m  ( 10) ; it is not  p r e s e n t  in e i t he r  the  i ’ (z )  or

‘I’(z) da ta .  Fo r SPE ’ s th i s  peak is of l i t t le  s i g n i f i c a n ce , s i n c e ’ n o r m al l y

n ~~
‘ 1. 5 in Eq. ( 14 ) ,  and mos t  of the  ni g h t t ime  ab s o r p t i o n  is p roduc e d  by the’

f l t m f l i e  r o ums r t ’h i t i v r l  y 111w ene r gy  pr o t o n s  tha t  s top in the  71) ~~~~ kIll a l t i t u d e’

i l l  w her e  h (z , f) h a s  i ts  n l ax inumn i  v a lu e . 1 h i s  dua l  peaked s t r u c t u r e ’ ,

13
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obt ained h ere by use of empirical  ‘11(z) resul ts  for  the n
e~~~ 

d e t e r minat ion ,

confi rms a ve ry  simila r s t r u c t u r e  obtained b y LeLevie r and Branscomb

[1968 , Fig. 14] b y use of rate cons tants  in the full  cont inui ty  equations f o r

dete rmination of n (z) . In that case the q(z) profile produced b y the nuclear

detonation under  inves t igation caused most of the absorpt ion to be produced

in the vicini ty of the lower altitud e peak .

For protons of range R ( E )  the ionization rate per unit of isotropic

flux at X = d ( z ) / R  is proportional to the function F(X,  0)o f  ( 22) . Th ese

protons produc e maximum ionization wher e F(X , 0) is maximum - at

X = X = . 69. Since heavy particles ioniz e most heavily very near the

end of their range,  for such a monoenergetic isotr opic spectrum we can

define a most effective energy E (Z ) for an altitude z as that for which

the range  is R (z )  d (z) / .  69. E ( z ) ,  foun d from (1 5), is shown at the

top of Figur e 1. From this fi gur e it is clear that the approximate energy

range of primary importance for absorption production at ni ght is 1-5 MeV ,

while dur ing the day it is 5-25  MeV. This nighttime range  extends to some-

what lower energy than would be expected based on the R eid [1969 1 study,

while the daytime range is consistent with that study. For power-law

ener gy spectra , Potemra [19721’ found dayt ime polar-cap absorption to be

affected most by 15 MeV pr otons. This is almost exactly the ener gy ex-

pected based on the peaks in b(z , f )  in Figur e 1.

OPTIMUM THRESHOLD ENERGY DETERMINATION

Figures 2 and 3 show 90°N day and ni g ht results computed from

Equation (24 ) by the procedure s described above [St ro scio and Sellers , 19751 .

As shown in Tabl e 1*, the computed optimum daytim e threshold energy is

approximately 5. 2 MeV . Interestingly, an energy region in which K(E
t~ 

n)

varies little with n also occur s for ni ghttime. But in this case it is at a

lower energy , approximat ely 2. 2 M eV ,  as would be expected from the b(z , f )

dependence in Figur e 1. An identical computation for 60°N y ields insi gnif --

icantly d i f fer ent resul ts  (± . 1 M e V )  for Ef , as expected from the small

*See page ’ 28
15
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b(z , f )  l a t i t u d e -d e p e n d e n t  dev ia t i ons  in Fi g u r e ’  1. The day value

0. 081 for m is to be compared wi th  the  value 0. 083 for

E
~ 

7 M&’V found by Potemra [l972~ by u s e  of an average lat itude-indepen-
den t atmospher ic  model and ‘V (z ) profi le .  With those atmosp heric para-
meter s and the presen t  absorption formula t ion , a comparison [Stroscio

and Sel lers,  19751 y ields E
t~~~

k . 5 MeV . This small differ ence f rom the
Potemra value probabl y is caused  b y th e  q-calcula t ion methods. Thus
the somew hat d i f f e r e n t  day va lue  in Table 1 is l a r g e l y due  to our  use  of the 90 °N
and  o ) 1

N a t nm s phere  mode l s , r a t he r  than  the  l a t i t u d e - i n d e p e n d e n t  model

u sed b y Potemra 1~~7Z] -

Also shown in Fi gures  2 and 3 a r e  typ ical empirical  values of K
determined from (2 4) b y use of the availabl e 1969-72 coincident absorption
[Cormier, 19731 and OV5-6 sat ellit e SPE proton flux measur ements. All
such SPE’s for which the maximum absorption exceeded 2 dB , and s eve ral
of less magnitude, have been used here.

The z eni th-directed riometer antenna at Thute is of the two-element  . -

Yagi type [C ormier, 1973 1 with character is t ics  given by Edson and Goldman
[1963]. We have approximated the FWHM beam width as 500 

and employed
the method of Sell er s and Han s er [1974 1 to obtain ‘— 1.15 as the maximum

ratio of measured broad-beam to calculated n a r r o w - b e a m  absorption for
such a vert ical  antenna. As  observed by Holt [ l9 7 3J ,  co r rec t ions  of this

magnitude a r e  not normally made,  and that procedur e is fol lowed he re .

A seasonal bac kground correction as l a rge  as 0. 8 dB was , however , taken

into account to obtain the broad-beam absorptions reported by Cormee i e r [ I~~73 ‘
~

0V5-6 was launched in May , l9 6 9w i t h  a 30.6 ° inclination , Z . 9 R ~~p er i gee
and 19.3 R E apogee. General f ea tu res  of the satellite and instrum ent a re
given by Yates  et al. 119741, wit h det a il s of the semiconductor  telescope-
typ e detector in l ianser  et al. [H73J .  The proton flux b etween 1 and 100
M eV  is measur ed in nine ener gy channels.  These data a re  then ut i l ized
to determine the  di f ferent ia l  flux that woul d exist at the  cent ra l  energy
points in each channel , and a point- to-point  fit of type ( l4 ) i s  made to
determin e the  comp let e energy  spec t rum [Hanser et al., 1 1 ) 7 3 J •  Integral

18
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fluxe s above the th resholds  E
~ 

can then be calculate d as was done for the

points in Fi g u re s  2 and 3. Propaga tion e f fec t s  be tween  the extramagneto-

spher ic  OV5-6 location and the polar ionosphere  have not been taken into

acco u nt. Th ese ma y be impor t an t  at t imes , a l thoug h the use of Thule ( ‘—j 88°N

geomagnet ic )  r iometer  data does el iminate the p rob lem of geomagnet ic  cu toff ,

whic h is insi gn i f i can t at that la t i tude .

For all event s used except that of March , 1970 , the event-averaged

power-law exponent was between 1.5 and 2; for the March  SPE it was  3.3

lStroscio et al., 1976]. Unfortunately,  this latter event was r elatively small ,

and the empir ical values of K , especially at ni ght when the  SPE-induced ab-

sorption was less than 1 dB , have less accuracy than those of the other events.

This may be the reason that the deviation is largest for this event, althoug h

the other empirical night results also tend to be slightly low near the optimum

value of Et
. Overall, how ever , the agreement b etween empirical and calcu-

lated results is reasonably good.

RIOMETER ABSORPTIO N COMPARISONS

From Equation ~4)the approximate absorption is now given for either

day or ni ght by

A = K(E t
)c

~iEt
) ”2 (26 )

wher e K(Et ) and Et a re  the appropriat e values from Table 1, and 
~ 

(E r ) ~s - - -

the integral flux calculated f rom the complete point-to-point en er gy spec t rum

fit determined from the 0V5-6 measur ements. Also, an ‘ exac t t  absor ption

calculation can be made by apply ing (18) for the fit in each energy channel

and summing the  contribution s fr om all channels to obtain the total q ( z )  for

use in (7)  [Stroscio and Seller s, 1975]. Figures 4-8 show the  comparison

of these two calculations with the measured  T hul e a bso r p t i o n  [Cormier ,  19731

throughout the five SPE’s used here. Three of these ~- v , ’n t ~ a re ’  for  combined

day/n i ght conditions , one ( A u g u s t ,  1 9 72 )  fo r  all day r o n d e t  j e l l  -
~ . e n d  t h e  o ther
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(January, 1971) for  all ni g ht conditions. In this latte r event the integral

flux is shown for the ni ghtt ime optimum value of Et . No est imates of

measured  absorpt ion accuracy  are  shown, sinc e these  are  not given b y

Cormie r [1973].

In Figure 4 ni ght c ond i t i ons  a re  p r e s e n t  f r o m  2000 UT to 1230 VT at

Thule , and the diurnal  var ia t ion  in measured  absorp t ion  is apparent . Ab-

sor ptions calculated based on the ex t raniagnetosphe ric 0V5 -6  pro ton  fluxe s

ag rec reasonabl y we ll with the m e a s u r e m e n t s  in an ave rage - n ianne  r , al—

thoug h the y a re  somewhat hi gh du r ing the Nov . 3 and 4 peaks.

However , the striking featur e is the  excellent agreement  of the approximate

and exact calculations for both day and night conditions. In our op in ion ,

this agreement strongly supports the arguments above that bot h day and

ni ght estimates of absorption can be made by use of (2 e) .  Calculation for

the day /n i ght and ni ght/ day  t ransi t ion periods clearly requi res  a differ ent

approach, s ince the transitions a rc  not abrupt and can last several hours.

Low values of absorption characterized most of the 7 March 1970

event shown in Fi gur e 5 , which also included both day and ni ght conditions.

The absorption values plotted between 0600 and 1200 UT on 8 M a r c h  and

the single value at 0200 UT on 9 March  all r epresent  ni g ht conditions.

The 25 January 1971 event of Figu re  6 is an all ni ght event at ground

level. At hig her altitudes the  sun is present  at about 1700 UT; however , it

clearly is not present long enoug h to produce dayt im e atmospher ic  r e s p o n se

conditions. The tim e dependence of the calculated absorpt ion closel y fol lows

the  measured  re sul t s , although it is somewhat hi g h on the  a v e r a g e - .

Fi gur e 7 dep icts the  1 September l~)7 1 event, which  is s imi lar  to the

.1 November 1969 event in that bot h day and ni g ht conditions were  p r e sen t

for extended period s of tune .  Ni ghttim e conditions e x i ~~t between 0100 and

0800 UT . In contrast t o the C Novun ther  1 ) p I )  , v en t ,  th t— ca lcu la ted  va lues

of absorption for ni g ht conditions a re  sl i ghtl y I )( ’ l()\\ t h e  in -~i sur ed r e s ul t s ,

although the day values agree extr e m e I y w cii.

1 
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The last event studied here is that of 3 Aug . 1972 , disp layed in

Figure 8. This event, one of the largest ever recorded , occurred in all

dayt ime conditions at Thule . A]thoug h the calculated values are sli ghtl y

hi gh at some t imes , the gene rall y good agreement  is in accord with the

fact  that large  PCA values tend to be independent  of the na r row-beam

ap proximation.

CONCLUSIONS

Based d i rec t ly on the altitud e reg ion in which b(z , f) peaks , it ha s

been shown that the proton e n e rg y  range of p r imary  importance fo r  PCA -

is 5-25 MeV during the daytime and 1-5 MeV at ni ght. This relat ivel y low

ni g htt ime e n e r gy  range provides the basis for  a simple c ha r ac t e r i z at ion o f

cosm ic radio wave absorpt ion under  nig ht conditions , similar to that app lic-

able dur ing  dayt ime PCA.

For the events  studied , r easonabl y good ag ree m ent was o btained ,

f or both da y and ni ght , bet ween the measu red  abso rp t ions  at Thule  and

t hose calculated f rom (7) based on the b(~ , f) p rofiles of Figu re  1 and the

ex t ramagnetosp h er i c  OV5-6  proton f luxes .  Dev ia t ions , w h e r e  t h e y  oc c u r ,

gene ra ll y tend to show too much ca lcu la ted  absorpt ion , a l thoug h i n s t a n c e s

in which the calculat ion is sli g htl y low also occur  (Fi g. 7) .  T r a n s p o r t  of

the proton f luxes into the polar a tmosph e r e  f r o m the OV5-6  location was

not taken into account , and the day -n i g ht t r ans i t i on  f o r  the  D reg ion  was

taken to be abrupt .  Fur the r , the Thule  ab so rp t ions  w e r e  ca lcu la ted  b y

use of r ecombina t ion  c o e f f i c i e n t s  based on those  ori g ina l l y me a s u r e d  ,- it - 
-

Ft. Church i l l .  These a r e  probabl y the m a j o r  f a c t o r s  that  serv e to l imit

the ag reement  ob ta inab le  b y u se  of the b(z , f) p ro f i l e s  g iven h e r e .

The ag r e e i i ie nt  be tween our  ‘ exact’’ and approximate caic ulations

suppor t s  th e  use of the  approx imate  r e l a t i o n s h ip of Eq. (2 6)  be tween a h s ur p -

t ion and solar  proton f luxes  f o r  n i i~ht  as w e l l  as ( l a y  C on d it io ns  W h e n  t h e

a pp rop r i a t e  va lues  of E
~ 

and K(E
~

) a re  used . A t e c h n i que has  I ) C & ~11 I i t - v e l o p e ( I

(the Smar t—Shea  P r e d i c t i o n  M et h o d )  that incorpor ates thi s r e l a t i o n s h i p and i s

in use  b y both the N. 0. A. A. and t h e  A. F’ , fo r  f o r  a s L i t ~~ the e t t i e  t s  of 

~~~~~~~~~~ - _ _ _
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SPE’ s [D. F. Smart, personal cumm unication, 1977]. From available

satellite proton data (SMS—GOES , Vela) the expected absorp t ion  is calcu-

lated and compared in real-time with measurements. Since the compu-

tation can also be made at night, it allow s for  the f i r s t  time a continuous

compar ison of mea su red  and ca lcula ted radio wave abso rp t ion , and a pre-

diction of the severi ty  of the blackout effect . Of course , at p r esent  onl y

the stead y - s t a t e  day and ni g ht cases have been t rea ted . The day/ni g ht

transition periods (which can last several hours) require a different

approach.

Acknowled gement - Thi s work was suppor ted in par t  under  Air  Force

Geop h ysic s Laboratories  Contract  Nos. F 1962 8-73-C-0088 and

F 19628-76-C-0106.
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Table 1. Parameters  for Approximat e Absorption Calculation at ThulelEt t MeV K(E
t

), dB~~(cm Z
~~sec) l/2  m(E

~
)
~ 

dB-(cm 2 -sec ) 112

Day 5 . 2  0.115 0. 081

Night 2. 2 0. 020 0. 014
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The L as t  e Ve nt  s t d u ie d  n~ re  ~s L n ~~ ~f ~ Aug.  V7~~, U i sp i a yt ci in ~~i~-

ure  8. This event , one o1 the l~~rge~~t e v e r  r e L o r u e d , o c cu r r e d  in ~~ u 1a y~
time c onditions at Thule .  A lt h~~u~~ the  ca lcula ted  v aj u t s a re  sli g h t t y  h g h

at some time s , the g e n e r all y gJ o u ag r ee i i~cnt i s  in a c e ur ~ with  t ’~e f ac t  t n a t

l a rge  PCA values tend to be m a e  n u cr i l uj the na rrow - oea~~ approx imat ion .
(
~~~ \ C U ~ (~~~ \$

Base d d i r e ct l y on tri e a iL i 1~~~~e r ’. .aiun in W n 1 L  U ~Z , )  e r ~~ , ~ t ~ i -‘ li e

shown that  the p r oton  e n e rg y  range  ui p r i m a r y  impor tance  f u r  PCA Is ~~~~~~~~~ ~~~~~

d ur ing  the d a y tim e  and I -~~ MeV at ni g ht.  This  r ela t ivel y low nigr i tu~i .e ~~r

ra nge provides the bas is  b r  a ~ii’np 1c cha rac te r i za t i on  of ~u sn~uc r ar .1 i  v

a b s o r p t i o n  u n d e r  nig ht condi t ions , si nj 1ia~ to tha t  app i1c a J ~c d un ~ c~~~~~:~~
F or  the e v t . ~t - , S t & Uj i t u , reasonabl y ~~ co a~ reernen~ wa~ O . , L a m n ( (I , i o F

both da~ j u ici  i i ~~j n i , U e t w e cn  t he m C d s L ~rc~i . or ) j~~uJ~~ at  T h ui e  aia. n~~~ . ~ . —

ah ~~j t r em iT) bast~ i on the b( z ,1) p r o f i l e s  i i g u r t  1 and tn e e r ar i~a .n e u

sp h e r i c  0V 5- proton f luxe s. Deviations , wh ere  t r i cy  occ u r , g e n e r a l ly  Ic f l I l  t~

show too much 0alcula ted  abso rp t ion , a l thoug h in 5 t d f l c e~ in which the c a i c t~~ --

tion is slig htl y low a lso  o c c u r  (Fi g. 7) . Su sec1uent  to the :a lcula t ion s in t h i s

paper  i t  has ocen a rgued  [Swider arid Chid .~ey,  ~977] that  ~r ea r l ie r  v i z )

r e s u lt  due to Thrane  and Piggot t  [1966] , w h i c h  is ZO R lower than that  ~~iV C n  Jy

Eq. ( I i ) ,  might . ir~ tac t , ~~~ co r r e ct.  If so , all of the a b s orp t i on s  c a i c u i a t & c i  he r ’ ,

ann the ons Lc~ iL s  in Table I , shou ld be lowe red b y that am ount . TrU S ~

or i r  t h e o r y and e x p e r i m e n t  into b e t t e r  d v - r ~~ a~~ro~~~u~ u ~~~~~~~~~~~~~~~ ~~~ t u r .~

ar ~ :is f o l l o ws :  ir a n s p or t  of the p ro ton  il i x e s  into t n c  pula  r a t i  ‘~u sp he  r e L r u i j :

i f iC  O~ T 5 _  6 iocat ~j n was not  t aken into a c c o u n t , t h e  ua y — n m  it  ~r an~ ~~~ r ~~~.

AD r eg ion was taken to oc abr upt , and the T une au su r p t i o n s  w e r e  c an ~ia t o o

u se  of r eco mbinat ion coeff ic ients  based on those o r n n n a t i y  rneasu :ed  a t  Vt .

Church i li .  These  ~ re ;rob ab l y the major  l d L . i O ~~~S t n a t  se r v e  to l i m it  t U ~ a~ r ( L  —

rnent  obtai nable  by use of the b(z ,f) 1,r ot i le ~ g iv e i

The ag r e e l i e lt  be tween our ‘ exac t ar~ ~ ; ) p r u x i rnat u ca L u ~~~~~~~ s u p —

p~~r L~ n u se  om the approxl ri at& r e i a t i o n s hm p  ui ~~ j . (~~~b)  bt t W t  & f l  ~i ) SO~~~~t A O f l

~ n sonar  proton f l u x e s  f i r  ni gn t  as  W I  U n s  ~a y  ufl~ t m n O f l ~~ w hen t h ~ ~~P ’ P —

n a n v a i n e s  o: E and K~E )  d r  U S I U . A t t . r l f l l~~ has  R o n  k \  t i .  ; t :  ( t r U

~r. ar —~~ iea P r en i t i on  \ L o o )  t : i a t  i n O rp o r t e ~~ t n ~ r t n ,t ~~~r . snU f l i t  ~ 5

j r  u . c  j V  u u t h  do \ . O .A.  A. and tri o A. V . fu r  L u r t : ~ ~~~~~~ th e  o f I  t~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ - _
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